Urban drainage systems are subject to many drivers which can affect their performance and functioning. Typically, climate change, urbanisation and population growth along with aging of pipes may lead to uncontrollable discharges and surface flooding. So far, many researchers and practitioners concerned with optimal design and rehabilitation of urban drainage systems have applied deterministic approaches which treat input parameters as fixed values. However, due to the variety of uncertainties associated with input parameters, such approaches can easily lead to either over-dimensioning or under-dimensioning of drainage networks. The present paper deals with such issues and describes a methodology that has been developed to accommodate the effects of uncertainties into the design and rehabilitation of drainage systems. The paper presents a methodology that can take into account uncertainties from climate change, urbanisation, population growth and aging of pipes. The methodology is applied and tested on a case study of Dhaka, Bangladesh. The urban drainage network optimisation problem is posed as a multi-objective problem for which the objective functions are formulated to minimise damage costs and intervention costs.
INTRODUCTION
Urban water infrastructure assets represent a vast investment which is made over many generations by both public and private sector organisations in order to support the life of urban communities. These assets are strictly non-stationary systems, but for maintenance purposes they are often regarded as being stationary such that they are maintained to provide certain levels of service (or standards) by the continuing replacement and refurbishment of their components. In the urban water management context, the term 'asset' refers to any physical object of an urban water system which enables the provision of related services (e.g., pipe, manhole, valve, pump, weir, reservoir, detention storage, channel, etc.) . The failure of such assets can be very serious for the urban environment and population. Even though most of the actual failures tend to be localised, such as pipe burst, sewer collapse, flooding, or polluted discharges to receiving waters, the solution to such failures may involve an analysis of the whole integrated network. The sustainability of these extensive networks, which frequently, if not continuously, interact with each other (e.g., water distribution network and groundwater, groundwater and wastewater, wastewater and receiving surface water bodies), is an important issue for urban water managers. Therefore, one of the main concerns of urban water utilities is to secure and manage their investments in such a way that they meet appropriate standards and levels of service with an acceptable number and severity of failures while ensuring maximum return on their investments regardless of whether they are publicly or privately owned.
Furthermore, besides the sustainability of the operation of the existing networks, urban water utilities are also faced with extensions to the networks with the development of new urban areas, or the alignment of the existing networks when a significant part of the urban area is radically redeveloped. All of these issues highlight the need for a structured and full life-cycle management approach to the management of urban water assets, starting from planning and design, through construction and operation to dismantling and disposal. With such needs most urban water utilities nowadays are vitally interested in adopting the most appropriate asset management practice for their business, and in particular, the principles and techniques that aid responsible and transparent decision making. A formal approach to the asset management of urban water assets involves a number of activities which can be grouped into the following three groups: creation of assets (planning, prioritising and acquiring), operation of assets (including their maintenance and rehabilitation) and asset rationalisation (including their potential reuse, decommissioning and disposal). The overall concept of asset management has been described by a number of authors (see e.g., Marlow et al. ; Price & Vojinovic ) .
An intervention into the physical world of water infrastructure usually involves making a choice between possible alternative forms of the intervention. Consequently a decision has to be made. Often the information needed to make a good decision is extensive, and yet decisions have to be made regularly on the basis of limited and uncertain data.
Whereas decision makers endeavour to gather as complete a set of relevant data as possible they will often be frustrated by the cost and time taken to collect the data they want, the difficulties in obtaining accurate and reliable data, the impossibility of acquiring historic data that has not been recorded, and when they have appropriate data it is affected by the frequent structural changes that are made to the system and alter its performance. This is especially true of urban drainage networks. The fact that making optimal interventions for an urban drainage network is not a straightforward task can be further explained by the dynamic and integrated nature of an urban catchment, inadequate knowledge of asset condition and the complexities associated with multi-objective decision making frameworks. Furthermore, urban drainage systems are affected by a variety of future drivers that can lead to their poor functioning. In many parts of the world, the climaterelated changes are likely to increase the magnitude and intensity of rainfall patterns. Structural collapses due to aging and insufficient capacity of systems, land cover and density of population may also lead to unmanageable discharges and surface flooding that is beyond the capacity of a drainage system (Arisz & Burrell ) . Also, rapid population growth and urbanisation processes will cause an increase in impervious surfaces which will in effect reduce the infiltration capacity of the surface and increase the peak and volume of surface runoff. The present paper builds upon and connects the previous work and it describes an approach which can be applied to the management of urban drainage networks. In the context of the present work, an urban drainage network optimisation problem is defined as a multi-objective optimisation problem under uncertainty. The objective functions are formulated to minimise the rehabilitation cost and flood damage cost. The uncertain variables are assumed to be independent and follow normal distribution.
WORK TO DATE
Most of the research work to date uses deterministic approaches in the design of drainage systems, by assuming that all input parameters are known with certainty. This is certainly a crude assumption and not applicable to many real-life situations. Decisions based on a deterministic approach, ignoring the effects of uncertainties may result in misleading outcomes (see e.g., Nauta ). One of the typical traditional approaches to alleviate this problem is to apply safety factors into the analysis. However, since this approach combines future changes into a single number it may easily lead to either over-dimensioning or under-dimensioning of a drainage network. As a result, due to over-dimensioning, more substantial funds can be unnecessarily spent on the intervention works. On the other hand, under-dimensioning of drainage systems may lead to more frequent combined sewer overflows (in case of combined systems) or flood-related problems (in case of separate stormwater systems). This situation highlights the need to advance the research in identifying, quantifying and incorporating effects of various drivers into the design of urban drainage systems so as to make the systems more adaptable, reliable and operable in a changing environment. Barreto et al. ). However, there are limitations in certain optimisation frameworks. The uncertainties associated with the system load and corresponding hydraulic and hydrological processes can compromise the designed systems obtained by optimisation with regard to a certain criteria (Guo et al. ) . Therefore, it is necessary to take into account the effects of uncertainties in the optimal design of urban drainage networks.
In order to enable a sewer system to function in the longterm and to make it adaptable to future requirements, it is important to develop a methodology that can identify robust solutions. Robustness can be referred to as a system's ability to keep the same level of performance under variability of assumed and actual values (Savic ) . If a system is less responsive to alteration in input parameters, then it is said to be robust (Uber et al. ) . Incorporation of uncertainties into optimisation of urban drainage modelling work could yield more reliable and robust results.
The overall objective of the present work is to develop and test a multi-objective optimisation methodology that can be used for design and rehabilitation of urban drainage networks under uncertain scenarios derived from urbanisation, population growth, climate change and aging of pipes. The methodology aims to contribute towards a sound and more reliable design which can minimise the problems encountered in deterministic optimisation methodologies. the New York City tunnel case study. The two objectives used in that study were to minimise the total cost and to maximise the robustness which is defined as the capacity of water distribution systems to provide sufficient water for customers in spite of demand variations. To achieve this objective, the study uses NSGAII as a multi-objective optimiser. The methodology is free of sampling techniques and the robustness is addressed through analytical formula using a parameter θ which has a direct relationship with robustness. Sun et al. () concluded that the method used was computationally efficient, which has a particular importance in the case of large water distribution systems and when a sampling-based technique for robustness evaluation nested in the optimisation is impractical. Decision making itself is fraught with uncertainty.
Uncertainty can be represented in terms of the two common concepts of probability and possibility; see Maskey et al. () . Traditionally, uncertainty has been represented by probability, although since the 1970s possibility theory has been used increasingly as an alternative. The theory of possibility is similar to, yet conceptually different from, the theory of probability. Probability depends on the frequency of occurrence of an event, while possibility focuses on the meaning of an event. It does not imply that a high degree of possibility leads to a high degree of probability. If, however, an event is not possible, it is also improbable. Therefore, possibility can be viewed as an upper bound for probability. This weak connection between probability and possibility is defined by Zadeh () as the possibility/probability consistency principle.
In probability theory, all uncertainties are assumed to be random and therefore they can be represented by probability distributions of events. Uncertainty in possibility theory however, is quantified in terms of imprecision and vagueness, and is represented by a possibility distribution.
Possibility is a fuzzy measure, which is a function taking a value between 0 and 1. This indicates the degree of evidence or belief that a certain element x belongs to a set ( Qualitative uncertainty can be expressed using qualitative terms. It is used when the sources of uncertainty cannot be estimated precisely using numerical values. For example, 'the water level is very likely to be high'. In this statement, the probability for the water level to be high is not rep- The bidirectional interacting discharge is calculated according to the water level difference between sewer network nodes and overland surface. The upstream and downstream levels for determining discharge are defined 
If both the upstream and downstream water levels are above the crest elevation of the manhole, then either the submerged weir or the orifice equation is used to calculate the interacting discharge. If the upstream water depth above the manhole crest is less than the area of the manhole divided by the weir crest width (h U À Z crest ) < A mh =W then the submerged weir equation (Equation (2)) is used, or otherwise the manhole is considered fully submerged and the orifice equation (Equation (3)) is used where, Q is the interacting discharge [m 3 /s], whose positive value meant surcharge flow from sewer toward overland and negative value meant drainage flow from surface into sewer; C o is the orifice discharge coefficient; C w is the weir discharge coefficient and W is the weir crest width.
Damage costs
The assessment of damage in the present work has a diverse combination of water depth and land uses which have been 
where, α is a slope of the curve based on the value of the land use, the higher the land use the higher the value; β is an intercept based on land use and the water depth, if the water depth is zero, this value is zero; MaxWdpth [i, j] is the maximum flood depth at cells [i, j] .
Intervention cost
The intervention cost (C T ) is calculated based on the cost per unit length of the new pipe multiplied by its length 
Optimisation framework
A Latin Hypercube Sampling (LHS) scheme that connects to the hydraulic model and the optimiser was written in Cþþ code and it was used in the present work for the purpose of sampling statistical distributions and uncertainty analyses.
Each uncertain variable was assumed to have normal probability distribution. In terms of the rainfall data and percentage of impervious areas, the mean is assumed to be 20% higher than the current values and to have standard deviation of 10 and 30% of mean values for each time series rainfall data and for each subcatchment respectively. In terms of the roughness values (which reflect the condition of pipes), the mean values were assumed to be 40% higher than the minimum value within the range. The standard deviations were assumed to be 10 and 30% of the mean value.
Also, the relationships between uncertain variables were assumed to be independent or uncorrelated (i.e., the effects of one uncertain variable could not affect the other). Pareto front. Also, by taking into consideration the high computational costs involved, the population number of 60 and generation number of 40 were used in both approaches.
First approach
The first approach of the optimisation methodology (i.e., ations. This approach is referred to as a multiple realisation method and it is illustrated in Figure 5 .
Second approach
The second approach (i.e., Approach 2) of the multi-objective optimisation methodology was adopted from Savic ().
This approach is based upon modification of the NSGAII 2. By increasing the age of previously generated chromosomes by one, objective values were calculated as average of present and past values over the chromosomes' age.
3. Children population was created from parent population using genetic operators and zero MA was assigned for each new chromosome and objective functions were evaluated.
4. By combining the parent and children population the nondominated Pareto front was identified and kept recorded.
5. The age was increased by one and the objective functions of each chromosome in the previously recorded nondominated Pareto front (i.e., the first step) were recalculated. This front was then combined with the fronts identified in the fourth step and new non-dominated Pareto fronts were identified using the fast nondominated sorting algorithm. For the chromosomes in the current best Pareto front to dominate the chromosomes in the previously identified best Pareto front, their chromosome age should be equal to or greater than some specified MA. Then the third and fourth steps were repeated until the pre-defined number of generations was reached and the best value of MA, which is a criterion to select chromosomes that can survive for long generations, was determined on a case by case basis. An optimum value of minimum chromosome age 30 was used in the present work. The search procedure used in this approach is given in Figure 6 .
CASE STUDY AREA
The case study area used in the present work is Segunbagicha area in Dhaka, Bangladesh, Figure 7 . The city has been experiencing frequent flood-related problems for drained by sewer pipes to two basins from which sewage is pumped to Tongi Khal river system. Figure 8 shows the schematisation of network used for the simulation in SWMM.
The resolution of the available digital terrain model (DTM) was 10 m and it was used for setting up the 2D model, Figure 9 . An event of 100 year return period 1 hour rainfall is used for simulation of the drainage network in the case study area.
RESULTS

Results obtained from Approach 1
The results obtained from Approach 1 with Ns ¼ 5, and
Ns ¼ 10 samples and standard deviations of 10 and 30% of 
Results obtained from Approach 2
In Approach 2, in addition to fitness values of chromosomes, the required minimum age of chromosomes (i.e., the number of generations in which the chromosome stayed alive) was used as the criterion in selecting the nondominated solutions. The same genetic algorithm parameter Also, the discrepancy between both approaches decreases Table 1 and Table 2 In order to illustrate the difference that can be obtained between different approaches, the results obtained from the deterministic approach were also generated and plotted against the results obtained from the optimisation approaches under uncertainty (i.e., Approaches 1 and 2).
For simulations using a deterministic approach, the percentage of impervious surfaces, rainfall and roughness values were kept fixed and their mean values were used. In terms of the NSGAII parameter set, the same parameter sets used for Approaches 1 and 2 were also used for the deterministic approach. The Pareto optimal fronts obtained from the deterministic optimisation and optimisation under uncertainty (Ns ¼ 10 & STDV ¼ 30% of mean) are given in Figure 16 .
CONCLUSIONS
Uncertainties associated with population growth, urbanisation, climate change effects and aging of pipes are continuously bringing an increasing challenge to urban water managers. Further to that, there is a need to develop the tools and techniques that can enable development and implementation of more effective and robust solutions. In the present work, an optimisation framework has been developed and implemented in the Cþþ code to carry out the rehabilitation of urban drainage networks under The comparison made between deterministic and optimisation approaches (Approaches 1 and 2) under uncertainties shows that the difference can be substantial and it may lead to under-design of the system. As anticipated, the optimisation methodology considering uncertainty identified design solutions with larger intervention and damage costs. The larger intervention costs are due to additional capacity of the drainage system required to convey additional flows due to uncertainties. To enhance the present approach it is recommended that future research is conducted to include an objective function that reflects the likelihood of the failures and their severity, since this is an important issue regarding the operation of any drainage system. From the work to date it can be concluded that the effects of uncertainties should be incorporated in the optimal design/rehabilitation of drainage systems in order to achieve more robust solutions.
